Purpose-To evaluate the correlation between changes in tear osmolarity, symptoms, and corneal fluorescein staining in patients with dry eye disease (DED).
Introduction
Dry eye disease (DED) is one of the most prevalent causes for ophthalmic consultation in the developed world. It is reported that 5 to 35 percent of the general population suffers from moderate to severe DED, and the prevalence increases with age. 1 DED presents in patients of all ages and both sexes, although it is more prevalent among older women. 1 Diagnosis and follow-up of DED are complex and are based on a combination of patient-reported symptoms and a series of clinical tests. However, most of these tests have shown a lack of consistency in assessing the disease, and are always subject to clinical interpretation. 2 Indeed, none of the available tests used to date for the diagnosis and follow-up of DED have demonstrated very high reliability.
Tear hyperosmolarity is recognized as a significant pathophysiologic factor in the ocular surface disease suffered by patients with DED. 1, 3 Subjects with clinically diagnosed DED present with higher tear osmolarity levels than normal controls, and these levels reportedly increase with the severity of the disease. 4 Until recently, tear osmolarity quantification was restricted to research endeavors given the technical difficulties it involved, such as rapid evaporation of the samples and the need for equipment limited to laboratory facilities. With the advent of the TearLab® Osmolarity System (TearLab Corp., San Diego, CA), approved by the Food and Drug Administration for assessment of DED in 2009, in-clinic evaluation of tear osmolarity has become readily available. Several clinical studies using the TearLab® osmometer have shown that this method of quantifying tear osmolarity is a reliable diagnostic tool for DED. However, in spite of the increasing availability of the osmometer in the clinical setting, ocular surface staining and patient-reported symptoms remain the main criteria used by clinicians and clinical trial experts to assess DED severity and progression. One reason may be that very few data are available to assess the correlation between change in tear osmolarity and other indicators of disease severity, such as patient symptoms or degree of corneal fluorescein staining. Such relationships could be important for assessment of the natural history of DED as well as response to treatment.
In this study, we evaluated changes in corneal fluorescein staining and symptoms among patients with a diagnosis of DED between two separate visits, and assessed their correlation with changes in tear osmolarity.
Methods
We conducted a single-center, retrospective study that involved a systematic chart review of patients with DED. In this study, we evaluated the correlation between changes in tear osmolarity and changes in signs and symptoms of DED. This study was conducted at the Cornea Service of the Massachusetts Eye and Ear Infirmary, Boston, MA, with the approval of the Human Studies Committee, and adherence to the tenets of the Declaration of Helsinki.
We included patients 18 years and older with a previous diagnosis of DED, who had continued presence of dry eye symptoms and corneal fluorescein staining, and for whom we had data for at least two of the following: symptoms, represented by Ocular Surface Disease Index© (OSDI, Allergan, Inc., Irvine, CA), corneal fluorescein staining, and tear osmolarity (TearLab® Osmolarity System, TearLab Corp., San Diego, CA) from two visits. We excluded those with a history of microbial keratitis, atopic eye disease, corneal transplantation, or contact lens use in either eye.
Patients' symptoms were measured by self-response to the OSDI questionnaire. 5 Tear osmolarity from both eyes was obtained and the higher reading of the two eyes was used for the analysis, as recommended by the manufacturer and the labeling of the device. Tear osmolarity acquisition was the first clinical assessment performed during the clinical visit. For this, a trained technician placed the TearLab® osmometer probe on the inferior lateral tear meniscus until a signal was heard, and immediately proceeded to analyze the sample. We included cases in which we were able to obtain readings from both eyes, or if the reading from one eye was "below range", to ensure that we obtained the higher reading of both eyes (valid tear osmolarity readings could not be obtained, from one or both eyes, in 23 patients). Following the measurement of osmolarity, fluorescein was added to the ocular surface and evaluated after three minutes using the modified Oxford scheme. 6 Corneal fluorescein staining from the most severely affected eye was used for analyses (regardless it was the same eye with higher tear osmolarity) to reveal the greatest degree of disease involvement at the time measured. We also correlated the changes among the three parameters (from the study's overall population) using tear osmolarity and corneal fluorescein staining from the same eye: (1) the eye with higher tear osmolarity, and (2) the eye with the highest corneal fluorescein staining.
Statistical analysis
We used the Pearson or Spearman coefficients to analyze the correlation between the changes in tear osmolarity, corneal fluorescein staining, and symptoms at two separate visits. Additionally, we investigated this correlation in the cases that met the criteria (cutoff) for dry eye proposed by Miller et al. for symptoms (OSDI >12), and by Lemp et al. for tear osmolarity (>308 mOsm). 7, 8 We then performed the paired correlations in a subgroup of patients who experienced the 'minimal clinically important difference' reported by Miller et al., for mild to moderate DED (improvement or worsening of symptoms of ≥4.5 OSDI units). 7 Next, we assessed the change for corneal fluorescein staining and tear osmolarity, in patients who experienced the 'minimal clinically important difference' reported for severe DED (change of ≥9.9 OSDI units), 7 by comparing the mean scores of the two visits using the Wilcoxon's matched pairs test. We further subgrouped patients based on the therapy they received, and investigated the correlation between changes in the three variables measured.
Finally, we performed a multiple linear regression analysis to examine predictors of the change in OSDI (dependent variable), using the baseline OSDI score and either the changes in corneal fluorescein staining or tear osmolarity as independent variables. A value of P < . 05 was considered statistically significant.
Results
We analyzed data on 186 subjects who met our inclusion criteria, with a mean time between the two visits of 137±95 days. The mean age of patients was 54±15 years, and 66% of the subjects were female. Across the entire study population, the mean OSDI, corneal fluorescein staining, and tear osmolarity changes were −2.3±21.9, −0.5±1.4 and 1.1±23.6, respectively. Table 1 depicts a summary of the baseline values and changes for each variable, including a subdivision by patients who improved or worsened.
There was a statistically significant, though modest, correlation between the changes in corneal fluorescein staining and OSDI (R = .31; P < .001). However, there was no statistically significant correlation between the recorded change in tear osmolarity and OSDI (R= −.091; P = .38), or between changes in tear osmolarity and corneal fluorescein staining (R = −.02; P = .80) ( Table 2 ; Fig. 1 ).
When we assessed the level of correlation between changes in corneal fluorescein staining and tear osmolarity from the same eye, we found no significant correlation when selecting either the eyes with higher tear osmolarity (R = .02; P = .78), or with higher corneal fluorescein staining (R = −.11; P = .21) from each patient at baseline. OSDI >12 is believed to signify patients with "ocular surface disease". 7 By limiting our analysis to this group of patients (OSDI >12 at baseline), we noted a statistically significant, though modest correlation between changes in corneal fluorescein staining and OSDI (R = . 30; P < .001). However, in the same group of patients, we did not find a significant correlation between change in tear osmolarity and changes in OSDI (R = −.10; P = .36) or corneal fluorescein staining (R = .02; P = .84) ( Table 2 ; Fig. 2 ).
A tear osmolarity value >308 is recommended to be used as a threshold for the most sensitive detection of DED. 8 In this subset of patients, there was a modest though statistically significant correlation between changes in corneal fluorescein staining and OSDI (R = .35; P = .005). However, there was no statistically significant correlation between tear osmolarity and OSDI changes (R = .003; P = .98), or between tear osmolarity and corneal fluorescein staining changes (R = −.07; P = .59) ( Table 2 ; Fig. 3 ). When we analyzed only patients with tear osmolarity >314 mOsm/L at baseline (meant to represent the most specific threshold to detect DED) 8 the findings were similar to those with >308 mOsm/L; there was a statistically significant correlation between changes in corneal fluorescein staining and OSDI (R = .29; P = .04), whereas no significant correlation was present between change in tear osmolarity and OSDI (R = .09; P = .59), or between tear osmolarity and corneal fluorescein staining (R = −.11; P = .44).
When we analyzed the subset of cases in whom there was at least a 'minimal clinically important difference' in symptoms of DED (≥4.5 OSDI units), 7 the positive correlation between changes in corneal fluorescein staining and OSDI was higher than that observed in the total cohort (R = .46; P < .001). In contrast, there was still no statistically significant correlation between change in tear osmolarity and either OSDI (R = −.12; P = .47), or corneal fluorescein staining (R = −.09; P = .58) ( Table 2 ). The positive and statistically significant correlation between OSDI and corneal fluorescein staining changes was maintained for other 'minimal clinically important difference' cutoffs of OSDI, i.e., >7 (for all DED severity categories) and >9.9 (for severe DED). Tear osmolarity changes did not show a significant correlation at any of those cutoffs (data not shown). Interestingly, in patients with ≥9.9 OSDI change (minimal clinically important difference reported by Miller for patients with severe DED), osmolarity scores did not change between the two visits (P = .97). In the same population corneal fluorescein staining scores reflected a statistically significant difference, decreasing by a mean of 0.5 Oxford units or 26% (P < .001).
When divided into treatment subgroups, the correlations between changes in corneal fluorescein staining and OSDI maintained statistical significance (except for topical autologous serum): topical cyclosporine A (n=42, R = .51); topical corticosteroids (n=34, R = .40); topical anakinra (n=43, R = .40); oral tetracycline (n=31, R = .48); topical autologous serum (n=11, R = .17, P = .63). None of the treatment subgroups resulted with a statistically significant correlation between changes in tear osmolarity and corneal fluorescein staining; the highest degree of correlation was achieved in the cyclosporine A treated group (n= 42, R= .11, P = .59). Similarly, the highest degree of correlation between changes in tear osmolarity and OSDI was only .02 (P = .94), as noted in the cyclosporine A treated subgroup (N=42). There was a statistically significant (P =.04) correlation between changes in tear osmolarity and OSDI in the autologous serum-treated subgroup (N=11), but the correlation was negative (R = −.78), suggesting that as OSDI decreased tear osmolarity paradoxically increased.
In the multiple regression analysis for change in OSDI (dependent variable), with baseline OSDI, and either changes in corneal fluorescein staining or tear osmolarity as independent variables, corneal fluorescein staining was significantly associated with OSDI change (R = . 49; adjusted R 2 = .23; P < .0001 for the model and P < .001 for corneal fluorescein staining change), while tear osmolarity change was not associated with OSDI change (R = .38; adjusted R 2 = .12; P = .001 for the model and P = .20 for tear osmolarity change).
Discussion
Over the years, investigators and clinicians have reported on the lack of a strong association between signs and symptoms in dry eye disease. This "quandary," as it is referred to by Nichols et al. 2 represents one of the greatest challenges faced when diagnosing and following patients with dry eye disease, including in clinical trials. Multiple efforts have been made to overcome this challenge, including the development of various symptom assessment questionnaires and compound indexes aimed at achieving an integrated evaluation of the disease. 1, 4, 9, 10 Similarly, the advent of tear osmolarity quantification using a standard, easy to administer test, such as the TearLab® Osmolarity System, has been employed as an ancillary test to complement the DED workup. Published studies point to the potential utility of the TearLab® system in the diagnosis of DED, 4, 8, 16, 17 but there is little information about its utility in following patients with DED -specifically about correlation between tear osmolarity changes and other signs and symptoms of the disease.
This retrospective study focused on the correlations among changes in symptoms, corneal fluorescein staining, and tear osmolarity in a population that is a true clinical representation of the spectrum of dry eye seen in a cornea clinic. The present study showed no correlation between tear osmolarity changes and changes in OSDI or corneal fluorescein staining. The results were in accord with our hypothesis, based on clinical observation, that the levels of change in tear osmolarity often do not correlate with changes in either clinical signs or in patients' reported symptoms.
Additionally, we examined correlations in a series of subgroups, based on previously reported OSDI and tear osmolarity cutoffs to better identify patients with DED, and in cases in which a minimal clinically important difference in symptoms had occurred. 7, 8 We repeated the correlations within these subgroups on the premises that more severe scores may lead to larger changes over time. These analyses resulted in findings similar to the original cohort, with no correlation between measured changes in tear osmolarity and the changes in either OSDI or corneal fluorescein staining, even when the cases were categorized by level of tear osmolarity (mild or severe DED), by the level of symptoms at baseline, or by a minimal clinically important change in OSDI. When we analyzed patients with an OSDI change of ≥9.9, there was lack of statistical significant change in tear osmolarity between baseline and follow-up visits, suggesting that tear osmolarity was unable to detect differences in the subgroup with largest OSDI change.
Multiple linear regression analyses of our data also showed that changes in tear osmolarity do not contribute to the prediction of symptom changes; in contrast, changes in corneal fluorescein staining contributed to the prediction of symptoms changes in a statistically significant manner. Indeed, when we analyzed the cases with the highest scores to begin with or with greatest change, correlations between corneal fluorescein staining and OSDI changes became stronger.
We propose that there are various possible reasons why this study (unlike several others) 2, 11, 12 shows a correlation between corneal fluorescein staining and OSDI. First, in this study we exclusively focused on the changes experienced, rather than on the variables' absolute values at a given point in time. We used only corneal fluorescein staining from the most severely affected eye as an indicator of corneal epitheliopathy, postulating that patients would be more prone to perceive and generalize their symptoms based on their most affected eye.
Tear osmolarity values are reported to be highly variable in patients with dry eye disease and indeed this high variability has been proposed as one of the hallmarks of the disease. 8, [13] [14] [15] In this study, we used only the higher tear osmolarity reading of the two eyes, following the manufacturer's recommendations, and in general accord with the methodology used in previous publications. 4, 8, 14 It is worth mentioning that, in some cases, the scores in both eyes of the same individual were very different, e.g., with one eye above and the other below the suggested DED cutoffs. In an attempt to understand the trends of tear osmolarity scores among the population studied, we reviewed the proportion of eyes that showed tear osmolarity change, and the trend of change in relation to changes in OSDI and corneal fluorescein staining. We found that tear osmolarity increased or decreased between the two visits regardless of symptoms and corneal staining change (Fig. 4) . Previous studies using the TearLab® Osmolarity System have primarily focused on the capacity of tear osmolarity to distinguish between subjects with and without DED -that is as a tool for diagnosis of dry eye. 1, 4, 8, 16, 17 Most of those studies concur on the tear osmolarity values suggestive of DED. Alternatively, some studies have reported higher tear osmolarity values in normal subjects when compared to subjects with DED, 18, 19 or to the reported cutoffs for DED patients. 15 Fewer studies have focused on the performance of this test in populations already diagnosed and under treatment for DED, or under regular (and non-study-like) circumstances in the clinic, and the real potential of this parameter to enhance clinical follow-up of the disease, as was done in our study.
Many variables complicate tear osmolarity analyses. A number of variable conditions are possible, in a day-to-day clinic scenario, e.g., patients may be evaluated at different times of the day, after driving for different periods of time, after spending the day inside an airconditioned facility, or simply after reading for varied time spans in the waiting room before their evaluations. Intra-individual, inter-eye, intra-observer, and inter-observer variability of tear osmolarity measurements have also been reported. 8, 13, 15 In fact, variations of up to 89 mOsm/L have been reported on samples taken (by two observers) from the same control buffered solution using the TearLab® Osmolarity System. 13 Limited data are available regarding tear osmolarity variation in patients with DED, with respect to changing environmental conditions, tear reflex, use of topical or systemic medications, seasonal variations, etc. Furthermore, studies have also addressed the increase in reliability of tear osmolarity, when three samples are averaged. 13 However to do this in the clinic is often not very practical for many practitioners as it significantly increases the test's expenses. Based on the reported variability of tear osmolarity readings in controlled circumstances, we could speculate that variable conditions (e.g., variable amounts or quality of meibum, tear reflex, air flow and other stimuli) may affect the tear sample composition, and hence its osmolarity. Interestingly, Saleh et al. reported that patients with epiphora have significantly lower tear osmolarity than normal controls, which may support the possibility of a 'diluting' effect from the tear reflex on the tear meniscus and, thus, on the osmolarity reading. 20 Some studies have failed in their attempt to find an association between corneal fluorescein staining and treatment for dry eye disease. 14 The lack of specificity of corneal fluorescein staining has been proposed as a possible reason. 14 Our group has demonstrated the relationship between corneal fluorescein staining and the inflammatory status of the ocular surface in experimentally induced DED. [21] [22] [23] These data demonstrate that DED induces corneal fluorescein staining and, more importantly, that effective treatment significantly reduces it. The results from the present study support the experimental data suggesting a more significant (though still very modest) correlation between corneal staining and dry eye symptoms than sometimes suggested. The changes in signs and symptoms may be more intimately related than their absolute values at a given time. Both corneal staining and symptoms have been historically measured in a very unspecific manner. More standardized, accurate, and repeatable methods for measuring corneal fluorescein staining and symptoms may further strengthen this correlation. Corneal fluorescein staining and symptoms are less likely to change acutely than is tear osmolarity. For example, patients might report symptoms from previous days, even when their symptoms had changed within the past hour. Similarly, unlike tear osmolarity, corneal fluorescein staining does not typically increase or decrease substantially in a short period of time.
One principal limitation of this study was the variability of the time elapsed between the two visits. However, this is typical in a representative clinical cohort. Moreover, our rationale was that whatever factor affected one variable, must have affected the others, and their change should be, at least in theory, parallel in trend among variables. Seeing parallel change between two variables, and unparalleled change of a third would mean that this variable is not as correlated with the other two, since the three were exposed to the same conditions and measured at the same time. Another confounding factor in the study was related to the variability in treatments that patients were using for DED. Finally, we were not able to control for patients' environmental exposure previous to their evaluation. Paradoxically, these limitations bring to the study a realistic scenario, with multiple variables that will affect any test, making patent the difficulties and challenges of DED follow-up with the currently available methods, including tear osmolarity evaluation.
It is important however, not to overstate the modest correlation observed between change in symptoms and change in corneal fluorescein staining. Dry eye disease, like many other chronic diseases (e.g., arthritis, inflammatory bowel disease, multiple sclerosis, etc.) is multifactorial, and it is likely unrealistic to expect any one clinical sign, or biomarker, to correlate highly with patient symptomatology. [24] [25] [26] [27] [28] It very well may be that a combination of clinical variables including measurement of surface epitheliopathy/staining, along with various biomarkers, will be the most reliable prognosticator for response to therapy as has been suggested by several investigators. 1, 11, 14 In conclusion, we believe that the results from this study provide new insights into the potential limitations of tear osmolarity measurement as a prognosticator or as a follow-up biomarker in patients with dry eye disease in a 'classic' clinical scenario. The preponderance of currently available data suggest that tear osmolarity measurement can in fact aid in the diagnosis of DED with good sensitivity and specificity, 8, 29 and our data do not refute this. However, our data suggest that tear osmolarity measurements have significant limitations in prospective follow-up of patients as a marker of whether patients are doing "clinically better" or not. In contrast, changes in corneal fluorescein staining appear to have a higher correlation with symptom changes than is currently believed, and this should warrant further investigation, especially as more precise and automated measures are being developed to measure surface epitheliopathy. Table 1 Summary of baseline and change values of the studied dry eye disease parameters Table 3 Proportion of dry eye disease patients in each treatment category
Treatment

Percentage of patients
Lubricants 100%
Topical cyclosporine A 23%
Topical anakinra 23%
Topical corticosteroids 18%
Oral tetracycline 17%
Topical autologous-serum 6%
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